The polypeptides synthesized in L cells infected with vaccinia virus have been examined using the technique of labelling with [35S]-methionine followed by polyacrylamide gel electrophoresis. Virus-specific polypeptides were detectable as early as 2o min after infection. The polypeptides have been classified on the basis of the sensitivity of their synthesis to inhibitors of RNA and DNA synthesis. The mode of regulation of early vaccinia virus protein synthesis is discussed.
INTRODUCTION
There has been a number of investigations of polypeptide synthesis in cells infected with vaccinia virus (Holowczak & Joklik, I967; Moss & Salzman, I968; Katz & Moss, ~97o; Moss, Rosenblum & Garon, I97I ). It appears that polypeptides made in the first hour after infection have not been examined, possibly because it was considered that at this time cellular protein synthesis would obscure new virus polypeptides. Moss (I968) showed, however, that host cell protein synthesis was switched-off very rapidly after infection with vaccinia virus. Furthermore, immediately following entry of the virus into the cell, the virus particle polymerase is activated and there is a burst of virus RNA synthesis reaching a peak at about 3o rain after infection (Woodson, I967; Metz & Esteban, 1972) . If this RNA has messenger activity we may expect that early virus proteins would be synthesized during the first hour after infection. By labelling infected L cells with high specific activity [35S]-methionine, followed by polyacrylamide gel electrophoresis of cell extracts, we have demonstrated that this is indeed the case. We have also found that differential regulation of protein synthesis exists within the class of early proteins. A preliminary account of some of these results was given in a recent paper on the mechanism of action of interferon (Metz & Esteban, I972) . METHODS 
Virus and cells. Vaccinia virus strain WR was grown on monolayers of HeLa cells and
purified essentially according to Joklik (I962) . The visible virus band was recovered from the sucrose gradient, the concentration determined from the E260, the virus centrifuged Ozooog, I h) and the pellet resuspended by ultrasonic vibration in Puck's saline A plus 20 mM-Mg ~+ to a concentration of I-ox Io 11 particles/ml. L cells were obtained from Dr N. B. Finter and were propagated as monolayers in Eagle's medium containing Io ~ calf serum but no antibiotics. Suspension cultures in Eagle's medium (spinner modified, plus antibiotics) were started each week. L cells at a concentration of I.O x ioT/ml were infected in suspension (5oo particles added/cell) with vaccinia virus for I5 rain at 37 °C in Puck's saline A plus 2o mM-Mg 2+ and 2 ~o foetal calf serum (Becker & Joklik, I964) . About half the added virus was adsorbed. The particle/p.f.u, ratio of purified virus preparations was found to be about Ioo when the infectivity of virus was titrated on primary chick embryo cells with agar overlay. At the end of the adsorption period of I5 rain (designated 'zero time') the cells were diluted to ~.o × Io6/ml in Eagle's medium (spinner modified) buffered with tris (pH 7"2 at 25 °C) and containing 5 ~o calf serum. Uninfected cells were treated similarly but virus was omitted. Cultures were stirred or shaken at 37 °C and samples removed for labelling as required.
Radioactive labelling of infected cells. All operations were performed in a 37 °C room.
Samples of r.o ml of the cell suspension were harvested by filtration with gentle suction onto 25 mm diam. glass-fibre filters (Whatman GF/C), and were washed with Io ml medium lacking methionine. The filters were placed in 35 mm plastic Petri dishes containing I.o ml Eagle's medium lacking methionine, buffered with tris (pH 7"9 at 25 °C) and containing Io#Ci [asS]-methionine (specific activity about 2o Ci/m-mol, obtained from the Radiochemical Centre, Amersham). The dishes were shaken gently for 20 min, unless otherwise stated. The filters were then replaced on thefiltering device (Millipore 3o-place sampling manifold) and the cells were washed with io ml cold Earle's saline (containing Ioo-fold normal methionine) and then with 2o ml cold buffer solution (o-I 4 M-NaCI, o.oi M-tris, pH 7"4, o'ooi5 M-MgCI~). If necessary, filters were then stored at 4 °C for a few hours until extraction.
Polyaerylamide gel electrophoresis and autoradiography. Each filter was treated with o'5 ml of the extraction mixture (2 ~ sodium dodecyl sulphate (SDS), 8 M-urea, o'5 M-Zmercaptoethanol) at Ioo °C for 2 rain. The filters were removed from the extractant and transferred into the barrels of 2 ml plastic syringes which were inserted into I5 ml glass centrifuge tubes. After centrifuging at 8oog for 5 min the extractant in the centrifuge tube was pooled with the main part. The filter retained in the syringe barrel was now almost free from extractant and was discarded. The whole of each extract, or half in the case of uninfected cells, was layered on to a polyacrylamide gel containing o-2 ~ SDS and 5 M-urea. Procedures for electrophoresis, longitudinal slicing of gels and autoradiography were as described by Pereira & Skehel (I97I) and Russell & Skehel (I972) . Unless otherwise stated, Io ~ polyacrylamide gels were used. The tool. wts. of the polypeptides were estimated according to the method of Shapiro, Vifiuela & Maizel (I967), using 5, 7"5 and Io ~ gels and employing the polypeptides of the adenovirus virus particle as markers (Maizel, White & Scharff, 1968; Russell, McIntosh & Skehel, 197 I 
Radioactive vaccinia virus. Monolayers of L cells in 2o oz bottles were infected with virus
at a multiplicity of z p.f.u./cell for 30 min at 37 °C. Eagle's medium (I 5 ml containing I]3 normal methionine and I ~ calf serum) was added and, after i h, 2o #Ci [35S]-methionine. At zo h the cells were harvested and the virus purified as described (Joklik, I962) but with the addition of two final sedimentations through 35 ~ sucrose (w/w). 
Materials. Actinomycin

Protein synthesis in cells harvested on filters
The experiments to be described depend upon the efficient incorporation of high specific activity [35S]-methionine into infected-cell polypeptides. This required that the amount of non-radioactive methionine carried over from the normal culture medium to the labelling medium should be reduced to an exceedingly low level (the concentration of radioactive methionine is about 2oo-fold smaller than that of this amino acid in normal medium). Whilst monolayers of cells may be washed easily and efficiently, the multiple washing of cells in suspension leads to damage and loss. However, since the infection of cells in suspension is both more rapid and efficient than the infection of cells in monolayer, we devised a technique for the efficient washing of cells in suspension. We found that when cells were harvested on glass-fibre filter discs, as described in Methods and then incubated on the discs in medium containing [asS]-methionine, extensive incorporation into polypeptides occurred. Washing the cells with methionine-free medium by filtration was a mild yet efficient process. We tested the retention of cells on the filter during the incubation by using prelabelled cells. During incubation for 3o min with gentle shaking, 75 ~o of the applied cells remained on the filter. This proportion was acceptable for the semi-quantitative experiments to be described. Tris-buffered Eagle's medium was used to minimize fluctuations in the pH of suspension cultures from which samples were repeatedly removed; we found highest incorporation at pH 7"9 (at 25 °C, which became pH 7"6 at 37 °C). During a 2o min period, Io 6 cells incorporated 5 to lO ~ of the added radioactive methionine (io #Ci/ml) into acid-insoluble material. Incorporation was proportional to time up to 1 h. The extraction of labelled material from the filter with the SDS-urea solution described left about 2o ~ of the radioactivity on the filter disc. This could be reduced to Io ~ by a further extraction at IOO °C.
Polypeptides in vaccinia-infected cells
The patterns of [asS]-methionine-containing polypeptides in IO ~ gels are shown in Fig. I for infected and uninfected ceils, at different times after infection. The 2o min labelling periods commenced at the times indicated. Thus the gel marked ' o' displays material from infected cells labelled between o and 2o rain after infection. Adsorption for 15 rain always preceded dilution at zero time. It is clear that not only did the polypeptides from infected cells differ in mobility from those from uninfected cells, but the pattern of polypeptides changed during the course of infection. It is striking that the infected cells showed a completely different pattern from that for uninfected cells, as early as 2o rain after infection. For Fig. 2 , 12"5 ~ acrylamide gels were used to show more clearly the smaller polypeptides of infected cells at different times after infection.
The differences in mobility, and hence in mol. wt., of the polypeptides in infected cells, compared with those for uninfected cells, suggested that they were virus-coded. In this case the inhibition of early virus RNA synthesis (presumptive messenger RNA) should result in failure of synthesis of the new polypeptides. The synthesis of vaccinia RNA is mediated by the particle polymerase and, in infected L cells, is insensitive to moderate doses of actinomycin D (Metz & Esteban, I97z) . It can, however, be blocked by the inhibitor cordycepin (3'-deoxyadenosine; Siev, Weinberg & Penman, 1969) . This is illustrated in the experiment of Fig. 3 , in which a culture of cells infected with vaccinia virus in the presence of cycloheximide was divided into three at 20 rain after infection, and two parts were treated with cordycepin. The inclusion of cycloheximide ensured that virus RNA synthesis was prolonged (Kates & McAuslan, i967; Woodson, I967; Metz & Esteban, t972) . The rate of RNA synthesis was determined by measuring the incorporation of a ~o min pulse of radioactive uridine into the cytoplasrnic acid-precipitable fraction. Cordycepin at 50/zg/ml is an effective inhibitor of vaccinia virus RNA synthesis. In another experiment, when this drug was present during and after the adsorption of virus, the amount of virus RNA synthesis during the first 4o rain after infection was reduced to only a few per cent of the control value. It has been reported that cordycepin has no effect on protein synthesis in uninfected cells (Siev et al. ~969) . We determined that cordycepin did not affect the rate of protein synthesis in vaccinia-infected cells if it was added ~ h after infection, when most early RNA had been made. We conclude that cordycepin had no direct effect on virus protein synthesis.
The effect of the addition of cordycepin at zero time on the pattern of polypeptide synthesis, compared with that of untreated infected cells, was apparent by 4o min, and substantial by 6o min (Fig. 4 )-The polypeptides that were detected in the cordycepin-treated infected cells had mobilities corresponding to those from uninfected cells, rather than to those from infected cells. Thus treatment with cordycepin resulted in inhibition of virus RNA synthesis and of the new polypeptides synthesized in infected cells. Fig. 4 . Effect of cordycepin on psS]-polypeptide synthesis m vaccinia-virus-infected cells. One culture was treated with 4o #g/ml cordycepin during the virus adsorption period and thereafter. The other was infected but otherwise untreated. The polypeptides synthesized in zo rain labelling periods were analysed electrophoretically. These autoradiographs are relatively heavily exposed.
Molecular weights and nomenclature of polypeptides
The approximate mol. wts. of the new polypeptides detected in infected cells were determined from their electrophoretic mobilities by comparison with the mol. wts. of the capsid polypeptides of adenovirus. The results for times early and late in infection and for the polypeptides of the purified virus particle are shown in Fig. 5 . Not all of the components enumerated are readily seen in this figure. Longer autoradiographic exposures were necessary to detect some of the minor components while shorter exposures showed the major ones to better advantage. The determination of relative mobilities between polypeptides in different gels was estimated to be reproducible to within _+ 3 ~. The results in Vaccinia virus protein synthesis 209 detected reproducibly at earlier times, I6 at later times and I4 in the virus particle. We do not present detailed evidence for the existence of all the minor components shown in Fig. 5 . Some particle polypeptides may be identical to some seen in infected cells at later times, and some earlier and later polypeptides may be identical. Of course, the similarity of electrophoretic mobility of two polypeptides does not prove identity.
We examined on polyacrylamide gels the polypeptides labelled with a [14C]-amino acid mixture at 4o min after infection (Fig. 7) -These are almost identical in number and mobility to those labelled with methionine alone, although the relative intensities of the bands differ.
The tool. wts. shown in Fig. 5 were calculated on the assumption that electrophoretic mobility and the logarithm of the mol. wt. are linearly related (Shapiro et al. I967) . For glycoproteins this is not the case (Segrest et al. 197I) and certainly some of the polypeptides found in cells infected with vaccinia virus are glycoproteins (Moss et aL I97 0. We found two major polypeptides of the virus particle of mol. wt. 62ooo and 63ooo. Katz & Moss (I97o) reported a mol. wt. of 75ooo to 77ooo for the larger of these (4a in their nomenclature). However, these polypeptides are not glycoproteins (Garon & Moss, I97~ ) and we are unable to account for this discrepancy.
It is premature to attempt to devise a consistent nomenclature for the polypeptides of viruses since the number of components may be large and future applications of more sensitive methods may detect components not previously listed. We adopt the simplest solution to this problem by denoting polypeptides by their apparent tool. wts., just as RNA and ribosomes are conventionally referred to by their approximate sedimentation coefficients. Thus P 6o denotes the infected-cell polypeptide with an apparent mol. wt. of 6oooo, while VP6z refers to the virus particle component of apparent tool. wt. 6zooo.
Classification of polypeptides
The simplest distinction to be made between different classes of virus-coded polypeptides is that between early and late, made before or after virus DNA replication. We therefore used fluorodeoxyuridine (FUdR) as an inhibitor of vaccinia virus DNA synthesis (Salzman, r96o) and studied the patterns of polypeptides made in the presence or absence of this inhibitor (Fig. 6) . No difference was detected before 9o min after infection. DNA synthesis was first detected between 6o and 9o rain after infection in vaccinia-virus-infected cells (Oda & Joklik, I967; Woodson, I967; McAuslan, i969 ). Synthesis of the major proteins P83 and P62 was inhibited after 9o min in the presence of FUdR. Results at 4 and 5 h suggested that the synthesis of P79, P58 and P34 was also inhibited (see Fig. 5 for nomenclature). The results shown in Fig. 2 indicate that synthesis of some of the smaller polypeptides (P25 and P23) started at 3 h and these also are sensitive to FUdR. The rate of protein synthesis decreased between 4 and 8 h in the absence of FUdR (Fig. 6) . This is at least in part due to loss of viable cells in suspension cultures. In the presence of FUdR the synthesis of early polypeptides was prolonged (see the 7 h sample).
In principle, early proteins may be subdivided into two classes, depending upon whether the mRNA is transcribed within the virus core before second stage uncoating or from the released DNA (McAuslan, I969). Transcription within the cores in L cells is substantially resistant to moderate doses of actinomycin D (Metz & Esteban, I972 ) while transcription from the released DNA is very probably sensitive. We therefore examined the polypeptides synthesized in infected cells in the presence or absence of actinomycin (Fig. 7) . There was little difference in the polypeptide patterns during the first 60 min of infection but then the rate of protein synthesis decreased in the presence of the drug. A similar result was obtained when the cells were also pre-treated for I h before addition of virus. It is clear that there is no distinct subclass of early polypeptides which displays marked sensitivity to actinomycin. Assay of the [35S]-labelled acid-precipitable material indicated that by zo min the rate of protein synthesis in the presence of actinomycin had started to fall below that in the control. The simplest interpretation of this is that there was some inhibition by the drug of virus m R N A synthesis. It is known that the resistance of vaccinia virus R N A Vaccinia virus protein synthesis 2I 3 synthesis to actinomycin in this system varies from one virus preparation to another (Metz & Esteban, I972 ). An alternative interpretation of the increased sensitivity to actinomycin of virus polypeptide synthesis, as suggested by recent work of Penman and his colleagues (McCormick & Penman, I969; Leibowitz & Penman, I97i) , is that cellular protein synthesis requires the presence of an RNA species which is sensitive to actinomycin, has a half-life of less than I h and which is not messenger RNA. If vaccinia protein synthesis requires such a host factor, then the results of Fig. 7 may be expected. To test this possibility we added cordycepin to a culture of infected cells at 4o rain after infection to block further transcription. The culture was then divided into two and to one part was added actinomycin. Polypeptide synthesis was examined after further intervals of I, 2 and 3 h (Fig. 8) . The polypeptide patterns remained unchanged for as long as 3 h, whether actinomycin was present or not. This result eliminates any requirement for a short-lived cellular RNA species and also shows that the half-life of the early virus mRNA is long.
DISCUSSION
This study has shown that the [asSl-methionine labelling of infected cells followed by SDS-acrylamide gel electrophoresis provides a useful method for analysing the synthesis of vaccinia virus polypeptides, just as it has proved valuable for adenovirus and influenza virus (Russell & Skehel, I972; Skehel, I972 ) . The procedure detects only polypeptides containing methionine, but the use of a p4C]-amino acid mixture revealed no more components.
The most striking result was the speed with which the polypeptide pattern changed following infection. Polypeptides that were apparently not detectable in uninfected cells were readily detected as early as 2o rain after infection (not including the I5 min adsorption period). We believe this to be the most rapid synthesis so far reported of the polypeptides of a virus of a higher organism. In view of the speed of synthesis of virus RNA following infection in this system (the maximum rate was reached by 20 to 30 min; Metz & Esteban, i97z) , the early appearance of new polypeptides was not surprising.
The identification of the newly synthesized polypeptides as virus-coded (specifically by the early virus RNA) was demonstrated by their sensitivity to cordycepin (Fig. 4) , which inhibits virus RNA synthesis, and their insensitivity to actinomycin D (Fig. 7) , which does not. The possibility that some detectable polypeptides represent host-coded components for which synthesis was derepressed by the process of infection seems to be precluded by the action of actinomycin, since this drug would be expected to block host mRNA synthesis.
The results with cordycepin ( Fig. 4 ) also showed that cellular protein synthesis was rapidly inhibited by the process of infection with vaccinia virus, even though no virus RNA or protein synthesis occurred. This supports the conclusion of Moss (I968) that some component of the input virus particle inhibits host protein synthesis.
The high resolution provided by the autoradiographic technique has enabled us to detect reproducibly about 2o virus polypeptides in infected cells soon after infection, and a somewhat smaller number at later times (Fig. 5 ). The number ofpolypeptides detected was limited by the single dimensional nature of the polyacrylamide gels and doubtless many other components remain to be detected. If the whole of the vaccinia genome (tool. wt. about ~6o x io 6) codes for proteins, then some 2oo polypeptides of average tool. wt. 4o ooo could be made. Oda & Joklik (i967) estimated that about half of the genome may be transcribed at early times in vaccinia-infected L ceils.
Some of the polypeptides may be classified as 'late' because they were not made when virus DNA synthesis was blocked by FUdR. This category includes P83, P79, P62, P58, P 34, P 25 and P 23 (cf. Moss & Salzman, I968) . In the presence of FUdR early polypeptides continue to be made at late times, although to a diminished extent. It is difficult to tell if this is the case in the absence of FUdR since the later polypeptldes dominate the patterns. It is clear, however, that as the time after infection increases towards 4 to 5 h, there is a decrease in the relative amounts of some components first seen before 9o rain (Fig. 2) .
In principle a subclassification of the early proteins can be made. When the vaccinia virus particle enters the cell it loses its outer envelope and the core is released into the cytoplasm. The virus particle RNA polymerase within the core then synthesizes a class of early mRNA which we may term 'class I early mRNA'. Subsequently, the second stage of uncoating of the genome occurs, which is probably effected by a virus protein. The DNA is then free in the cytoplasm and a second class of early mRNA may then be made (' class 2 early mRNA'). The requirement for the synthesis of an 'uncoating' protein is suggested by experiments in which protein synthesis is blocked, where it is found that the virus cores persist for extended periods in the cytoplasm (Joklik, I964; Dales, 1965; Kates & McAuslan, 1967) . In this situation, early virus RNA is made and, after reversal of the inhibition, this RNA can be shown to code for the synthesis of some early proteins but not of others (Kates & McAuslan, I967) . It is the existence of this latter class of protein which suggests that there may be a distinct class of early mRNA made after the disruption of the cores but before DNA replication (McAuslan, 1969) . Such 'class 2 early proteins' would not be expected to appear immediately after infection, and their synthesis should be sensitive to actinomycin but not to FUdR. With one possible exception we have not detected any polypeptide with this property (see Figs. 6 and 7) . The possible exception is a minor polypeptide of tool. wt. about 37ooo which is insensitive to FUdR but appears to be more sensitive than other early polypeptides to actinomycin D. Thus there is no distinct class of polypeptides synthesized to a detectable extent which can be termed 'class 2 early'. Indeed, the evidence for the existence of any polypeptides in this class is not strong since the experiment of Kates & McAuslan (I967) could be interpreted in terms of two types of 'class I early mRNA', the transcription of one requiring the synthesis of a protein coded by the other.
An interesting feature of early virus protein synthesis is the degree of regulation that occurs (Figs. I, 2 ). Thus the synthesis of P6o and P27 occurs very rapidly following infection but is substantially switched off by about 6o min. The rate of synthesis of other components builds up more slowly and reaches a maximum between I and 2 h; PI25, Plo3 and P5I are examples of this type. Still others (P55, P4o, P3I) appear to be made at an almost constant rate during the first 2 h after infection. Of course, when a component appears to be made at a constant rate this may be a situation in which the synthesis of one protein is being switched off while that of another of similar size is being switched on. Clearly there is a fine regulation of early protein synthesis in vaccinia-virus-infected L cells.
In considering the mechanism of the differential regulation of vaccinia virus proteins during the first I to 2 h after infection, we must account for three classes of proteins: class A, whose synthesis starts immediately, continues for a period, and is then switched off; class B, whose rate of synthesis builds up slowly; and class C, which are made at a more or less constant rate. Possible control mechanisms are transcriptional, translational, or a combination of both.
The differential regulation of transcription alone could account for the appearance of class A proteins before class B; mRNA for class A would be transcribed before that for class B. The switch-off of synthesis of class A proteins requires either that the mRNAs for class A proteins have short half-lives or that there is competition between different virus On: Sun, 30 Dec 2018 06:39:58
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messenger species for rate-limiting components in translation. The existence of class A messengers with short half-lives can be eliminated by the results shown in Fig. 8 , where the synthesis of P 6o was prolonged for more than 3 h, indicating that this messenger RNA at least is quite stable. Competition in protein synthesis between class A and class B messengers (in which the latter are more successful) involves a type of passive translational control but active differential regulation during infection need not occur. The regulation of transcription may involve the action of newly synthesized virus proteins; for example, a class A protein switching on the transcription of mRNA for class B proteins. Alternatively, it may involve a programmed virus particle, in which the RNA polymerase transcribes without external control first one set of genes and then another. Regulation of the overall rate of transcription by the core RNA polymerase is well established (Kates & McAuslan, ~ 967; Woodson, t 967) and this is probably effected by a newly synthesized virus protein.
The differential regulation of translation could account for the changing pattern of early polypeptides in the absence of control of transcription. Thus a class A protein could switchon the synthesis of the class B proteins and a class B protein could switch-off the synthesis of the class A proteins. There is some evidence for translational regulation in the vacciniavirus-infected cell system; McAuslan (I963, I969) has argued that thymidine kinase synthesis is regulated in this way. Moss & Filler (x97o) have reported that virus replication is irreversibly inhibited if protein synthesis in vaccinia-virus-infected HeLa cells is blocked between 3o and 60 rain after infection, but not at earlier or later times. These authors postulated that the early synthesis of virus-specific translation initiation factors may be necessary for the subsequent regulation of virus protein synthesis.
The distinction between predominantly transcriptional or translational regulation may be made in principle by examining the detailed pattern of early vaccinia mRNA synthesis. If transcriptional regulation is important then changes should occur in the pattern of mRNA corresponding to the changes observed in the polypeptide pattern; this is being tested. It would not be surprizing if both forms of control occur in cells infected with vaccinia virus, which is one of the largest animal viruses.
